Faithful progression through the cell cycle is crucial to the maintenance and developmental potential of stem cells. Here, we demonstrate that neural stem cells (NSCs) and intermediate neural progenitor cells (NPCs) employ a zinc-finger transcription factor specificity protein 2 (Sp2) as a cell cycle regulator in two temporally and spatially distinct progenitor domains. Differential conditional deletion of Sp2 in early embryonic cerebral cortical progenitors, and perinatal olfactory bulb progenitors disrupted transitions through G1, G2 and M phases, whereas DNA synthesis appeared intact. Cell-autonomous function of Sp2 was identified by deletion of Sp2 using mosaic analysis with double markers, which clearly established that conditional Sp2-null NSCs and NPCs are M phase arrested in vivo. Importantly, conditional deletion of Sp2 led to a decline in the generation of NPCs and neurons in the developing and postnatal brains. Our findings implicate Sp2-dependent mechanisms as novel regulators of cell cycle progression, the absence of which disrupts neurogenesis in the embryonic and postnatal brain.
INTRODUCTION
The functioning of neural stem cells (NSCs) and intermediate progenitors (NPCs) is crucial to embryonic and postnatal development of the central nervous system (CNS) (Guillemot, 2007; Pinto and Götz, 2007; Kriegstein and Alvarez-Buylla, 2009; Okano and Temple, 2009 ). NSCs continuously self-renew and expand in the ventricular zones (VZ) of the early embryonic neuroectoderm and maintain their population during early CNS development (Götz and Huttner, 2005) . Shortly after specification of the neuroectoderm, NSCs give rise to NPCs, which begin their neurogenic divisions to generate various types of neurons that occupy the CNS (Kriegstein and Alvarez-Buylla, 2009; Costa et al., 2010) . Division of NPCs largely occurs in various subventricular zones (SVZ) in the embryonic brain (Noctor et al., 2004; Miyata et al., 2004; Haubensak et al., 2004; Pontious et al., 2008) . Whereas the vast majority of progenitor domains in the CNS become dormant by birth, the subependymal zone (SEZ) of the lateral ventricles and the rostral migratory stream (RMS) continue to harbor NSCs and NPCs in postnatal and adult mice (Doetsch et al., 1999a) . The postnatal NSCs and NPCs give rise to neuroblasts that migrate via the RMS to the olfactory bulbs where they differentiate into interneurons.
It is well established that maintenance of a delicate balance between proliferative and neurogenic divisions in NSCs and NPCs is a key determinant for appropriate production and specification of neurons (Götz and Huttner, 2005; Farkas and Huttner, 2008) . Key regulators of this balance include intrinsic and extrinsic signals that impact cell polarity, adherent junctions, centrosomal functions and transcriptional regulation (Fietz and Huttner, 2011) . Moreover, several cell cycle regulators have emerged as important players in maintaining the balance between proliferative and neurogenic divisions in NSCs and NPCs (e.g. Calegari et al., 2005; Arai et al., 2011; Gruber et al., 2011; García-García et al., 2012) . Cell cycle regulators form complex signaling networks that drive progression through phases of the cell cycle, and ultimately affect the length and integrity of mitosis. Understanding how distinct cell cycle regulators impact the shift from expansion and self-renewal to neurogenesis in NSCs and NPCs is important for strategies in cellular reprogramming (Singh and Dalton, 2009 ) and understanding many neurodevelopmental disorders (Manzini and Walsh, 2011) .
The specificity protein (Sp) family of transcription factors has been associated with progenitor functions, including regulation of the cell cycle (Marin et al., 1997; Black et al., 2001; Krüger et al., 2007; Baur et al., 2010) . Although Sp family members are coexpressed broadly, developmental defects exhibited by subtypespecific knockout mice indicate that their functions may only partially overlap (Supp et al., 1996; Marin et al., 1997; Bouwman et al., 2000; Nguyêñ-Trân et al., 2000; Göllner et al., 2001; van Loo et al., 2003) . Recent studies indicate Sp2 is required for early embryonic development in mice and zebrafish (Baur et al., 2010; Xie et al., 2010) , and Sp2 overexpression in skin stem cell and progenitor populations is oncogenic (Kim et al., 2010) . Acute loss of Sp2 negatively regulates the proliferation of immortalized mouse fibroblasts (Baur et al., 2010) . Moreover, whether Sp2 functions as a bona fide transcription factor has remained unclear; past reports have indicated that Sp2 has little, if any, transcriptional activity or DNA-binding capacity in mammalian cells (Moorefield et al., 2004) , whereas a recent report claims widespread DNA binding to regulatory regions of a wide range of vital genes (Terrados et al., 2012) . Regardless, the cell biological relevance of Sp2 has remained uncertain. Here, we report that Sp2 is a key regulator of progression through the cell cycle in NSCs and NPCs. Moreover, conditional deletion of Sp2 in the brain severely impacts neurogenesis in both embryonic and postnatal CNS.
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MATERIALS AND METHODS
Animals
Animals were used under Institutional Animal Care and Use Committee and North Carolina State University regulations. Sp2 floxed mice were generated using homologous recombination. The targeting vector included a 3.2-kb genomic region corresponding to exons 3 and 4 of the Sp2 gene flanked by two loxP sites. A 1.8-kb genomic fragment upstream of exons 3 corresponded to the small arm, and included neomycin-resistance for positive selection, which was removed by flipase treatment recognized by the Frt sites flanking the cassette. For negative selection, a PGK-tk:HSV cassette was inserted outside the region of gene homology. The targeting construct was electroporated into mouse129 ES cells, which were then positively and negatively selected. Genomic DNA derived from surviving ES cells was analyzed by PCR, Southern blotting and DNA sequencing. Confirmed ES cells were microinjected into the C57BL/6 blastocysts and implanted into pseudo-pregnant females. Chimeric pups were identified by coat color, germ line transmission, PCR and Southern blotting. Sp2 deleted floxed alleles were detected by PCR using the following primers: SAF-3, 5Ј-GAGATTCAGATTTAGAGGGCTACCAGTGTCCA-3Ј; and TAR-2, 5Ј-CGCTCAAGCCCCATTGCTGGGCCTGGTGACAA-3Ј.
To conditionally delete Sp2 in NSCs and NPCs Sp2 floxed mice were crossed to transgenic Nestin-cre and knock-in Emx1 cre mice, both of which were on cre-responsive reporter tdTomato (tdTom) to track cre-mediated recombination (Jackson Laboratories; supplementary material Table S1 ). For mosaic analyses, MADM11-GT/TG:Sp2
:Nestin-cre mice were generated using breeding schemes previously described (Hippenmeyer et al., 2010) .
For fixed tissue analyses, mice were sacrificed at multiple developmental stages by Avertin overdose (7.5 mg/g body weight) followed by transcardial perfusion with 4% formaldehyde.
BrdU and IdU administration
Mice at various developmental stages were administered intraperitoneal injections of bromodeoxyuridine (BrdU) or iodinated deoxyuridine (IdU) (Sigma) at 100 µg/g body weight. For pulse-chase experiments, a single pulse of BrdU was followed by sacrifice at 1, 4 and 12 hours after the last BrdU injection. For assessment of cell cycle exiting, three pulses of BrdU were administered at 2-hour intervals, and injected mice were perfused 48 hours after the last pulse. For estimation of the cell cycle duration, BrdU/IdU dual labeling was performed as described previously (Martynoga et al., 2005) .
Tissue processing and cell counting
Following perfusion, brains were removed and sectioned using a vibratome, and floating sections were immunohistochemically processed using standard procedures. For in situ hybridization and fluorescence in situ hybridization, an Sp2-specific probe was generated and used for tissue staining as described before . Cell numbers and densities were quantified using standard stereological estimation methods as described previously (Jacquet et al., 2009a; Jacquet et al., 2009b) . Significance was determined using Student's t-test and all values were expressed as mean±s.e.m. See supplementary material Table S2 for details.
Electroporation, tissue culture and neurosphere assay
Ex utero electroporation was performed in decapitated embryonic brains as previously described before (Hand et al., 2005) . Two µl of a pCAG-cre plasmid (4 µg/µl; Addgene) was injected into the lateral ventricles of isolated embryonic heads followed by electroporation. Organotypic slices were obtained and cultured as previously described (Jacquet et al., 2010) . Neurosphere growth and differentiation assays were performed as previously described (Jacquet et al., 2009b) .
Flow cytometry and cell sorting
SEZ and RMS regions were microdissected followed by single cell enzymatic dissociation. Cells were then washed with 5 ml cold 0.1 M PBS and fixed with 5 ml 70% ethanol. After fixation, cells were washed with 5 ml cold 0.1 M PBS and then stained at room temperature for 45 minutes with a solution containing propidium iodide (1 mg/ml; Sigma) and RNase A (1 mg/ml; Roche). Isolated SEZ and RMS cells were sorted or analyzed for DNA content by flow cytometry at the Flow Cytometry and Cell Sorting core facility at the College of Veterinary Medicine at North Carolina State University (Raleigh, NC, USA). For fluorescence-activated cell sorting (FACS), single cell suspensions harvested from SEZ and RMS regions of mice on the MADM11 background were sorted using a Dako Cytomation MoFlo high speed machine.
Western blotting
SEZ and RMS cells from conditional control mice (cWT) and Nestin:cKO brains were lysed followed by homogenization. Total proteins were denatured and samples were boiled and ran on a reducing SDS-PAGE gel followed by transfer to nitrocellulose membrane. Membranes were labeled and developed using standard methods.
RESULTS
Sp2 is expressed by embryonic and postnatal NSCs and NPCs
In situ hybridization of the embryonic CNS revealed robust expression in germinal layers of the E14.5 embryo. Particularly strong expression was detected in the ventricular zones (VZ) and subventricular zones (SVZ) of the entire CNS, including the neocortex, the lateral ganglionic eminence (LGE) and the olfactory bulb (OB; Fig. 1A) . To determine the cell specificity of Sp2 mRNA expression, we conducted fluorescence in situ hybridization in combination with immunohistochemistry for various cell types in the E14.5 cortex and LGE (Fig. 1B) . The strongest expression was seen in mitotic progenitors expressing the phosphorylated form of Histone H3 (PH3) in the VZ and SVZ of both progenitor domains (Fig. 1B) . Correspondingly, VZ progenitors in the cerebral cortices immunoreactive for paired box gene 6 (Pax6) and for genetic screened homeobox 2 (Gsx2) in the LGE both expressed Sp2. Basal NPCs expressing T-box brain gene 2 (Tbr2; Eomes -Mouse Genome Informatics) in the cortex, and LGE-specific NPCs expressing distalless homeobox 2 (Dlx2) also expressed Sp2. Thus, Sp2 expression largely and ubiquitously overlapped with NSCs and NPCs in the embryonic CNS.
Sp2 expression continued after birth only in structures that remain neurogenic during postnatal and adult periods, including the SEZ, RMS and the olfactory bulb (OB; Fig. 1C ), as well as the granule layers in the cerebellum and hippocampus (supplementary material Fig. S1 ). Fluorescence in situ hybridization analysis in the SEZ and RMS of young adult (P56) mice indicated that Sp2 mRNA largely overlapped with cells within the cell cycle (e.g. PH3+), migrating neuroblasts expressing doublecortin (Dcx) and a small fraction of astrocytes positive for the glial fibrillary acid protein (GFAP+; Fig. 1D ). Ependymal cells labeled with S100, which are postmitotic and do not proliferate, were devoid of Sp2 mRNA (Fig. 1D ). Sp2 was also expressed at low levels by some granule neurons in the olfactory bulbs ( Fig. 1D ) and in the hippocampus and cerebellum (supplementary material Fig. S1 ). Thus, Sp2 is primarily expressed in NSCs, NPCs and migrating cells within the germinal zones of the embryonic and adult brains, which suggested a potential role for Sp2 in cell cycle regulation.
Nestin-cre mediated deletion of Sp2 results in defective proliferation of postnatal NSCs and NPCs
To determine whether or not Sp2 expression is required for cellular and tissue development in the CNS, we adopted a lossof-function approach via the conditional deletion of Sp2 in the CNS. Mice carrying 'floxed' Sp2 alleles were generated and crossed to a transgenic line of Nestin-cre mice to direct cremediated recombination to neuronal progenitors ( Fig. 2A of Sp2 was confirmed by PCR analysis of genomic DNA and protein extracts from P21 Nestin:cKO brains (Fig. 2B ).
Despite an apparently normal embryonic development, Nestin:cHet and Nestin:cKO mice grew more slowly during postnatal stages when compared with cWT littermates (Fig. 2C ). Although Nestin:cHet animals thrived akin to cWT littermates, many Nestin:cKO mice perished between two and five weeks of age with only a few surviving into adulthood (n=10 Nestin:cKO pups from three independent litters; only three Nestin:cKOs survived beyond 2 months of age). Specific defects within the CNS became apparent during the first 2 weeks of postnatal life and were most profound between postnatal days 7 (P7) and P21 (Fig. 2D) . These included mild hydrocephalous in 32% of P21 Nestin:cKO mice (n=28), which indicated potential defects in maintenance of homeostasis in the periventricular tissue of the CNS.
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Stereological estimations of Nissl stained P21 brain sections revealed significant reductions in the volumes of the OB, hippocampus, and cerebellum in Nestin:cHet and Nestin:cKO brains (n=3 per genotype; Fig. 2D ). Upon closer examination, the RMS appeared enlarged and marker analysis revealed that the 'bulge' in the Nestin:cHet and Nestin:cKO RMS was largely occupied by Dcx+ neuroblasts (Fig. 2E ). These histological defects were never observed in brains from Nestin-cre: Sp2 +/+ (Fig. 2D ), Sp2 F/+ or Sp2 F/F mice (data not shown), demonstrating that the identified morphological phenotypes were independent of potential cre-related or hypomorphic issues.
To determine whether the neuroblast-filled bulges in Nestin:cKO SEZ and RMS corresponded to disruptions in proliferation of NSCs and NPCs, BrdU was administered to P0 and P21 mice followed by 1 hour of survival. Quantification of the number of BrdU+ progenitors (largely S-phase cells after 1 hour), revealed a significant reduction in the SEZ and RMS in both Nestin:cHet and Nestin:cKO brains ( Fig. 2E; Fig. 3A) . Based on the consistent decline in proliferation of both Nestin:cHet and Nestin:cKO progenitors, we decided to focus on comparing cWT and Nestin:cKO brains hereafter.
The combination of BrdU with the pan cell cycle marker Ki67 indicated an overall reduction in NSC and NPC populations in the Nestin:cKO SEZ and RMS (Fig. 3A,B) . We next used progenitor type-specific markers, which revealed a uniform reduction of all cycling populations in the SEZ and RMS of Nestin:cKO brains (Fig. 3C,D) . To determine whether the reductions in progenitor cell subsets were cell intrinsic or due to non-autonomous in vivo effects, the SEZ and RMS of P0 and P21 cWT and Nestin:cKO brains were microdissected and cultured to generate neurospheres (Reynolds and Weiss, 1992) . In line with our in vivo findings, the number of both primary and secondary neurospheres from Nestin:cKO progenitors were compromised and progressively worsened between P0 and P21 (Fig. 3E,F) . Taken together, these results suggested that Sp2 is an important regulator of proliferation in postnatal NSCs and NPCs.
Notwithstanding the robust expression of Sp2 in all neuronal progenitor domains, we failed to detect significant proliferation phenotypes in embryonic progenitors (Fig. 4A,B) . These findings suggested that conditional deletion of Sp2 was tolerated in utero, but following additional analyses it became clear that the Nestincre allele obtained from Jackson laboratory was insufficient to drive recombination in embryonic NSCs and NPCs (Liang et al., 2012) . To assess whether embryonic NSCs and NPCs require Sp2 for their proliferation, we expressed cre in Sp2 F/F and Sp2 +/+ embryonic brains with tdTomato cre recombination reporter (tdTom) by means of ex utero electroporation using a pCAG-cre construct (Fig. 4C) . The brains were harvested and organotypic slices were collected and maintained for two days in vitro (E13.5 + 2 DIV; Fig. 4C -E). The cultures were supplemented with BrdU for 1 hour followed by fixation and immunohistochemistry to visualize BrdU+ cells. Cre-mediated recombination in embryonic Sp2 F/F brains resulted in a significant decrease in the percentage of BrdU+ cells in the tdTom+ population in the VZ and SVZ of the developing cortex (Fig. 4D) . These findings led us to conclude that akin to postnatal NSCs and NPCs, the proliferation of embryonic progenitors within the VZ and SVZ is Sp2 dependent.
Sp2 deficiency results in apparent M-phase arrest in NSCs and NPCs
The significant decline in BrdU incorporation in conditional Sp2-null NSCs and NPCs suggested potential defects in cell cycle compartments. Using cell cycle phase-specific markers, we found the percentage of presumptive M-phase cells expressing the phosphorylated form of histone H3 (PH3) was significantly elevated in the VZ and SVZ of embryonic Sp2 F/F cortical slices electroporated with pCAG-cre (Fig. 4D,E ) and in the SEZ and RMS of postnatal Nestin:cKO mice (Fig. 5A) . The elevated levels of PH3 expression appeared cell intrinsic as cultured Nestin:cKO NSCs and NPCs expressed PH3 in significantly higher numbers than control cultures (Fig. 5B) , suggesting a potential M-phase arrest in Sp2-null progenitors. To obtain an in vivo model in which we could sufficiently delete Sp2 in embryonic NSCs and NPCs, we used the well characterized Emx1 cre mice to direct Sp2 deletion to the VZ and SVZ of the dorsal telencephalon (Liang et al., 2012) . In contrast to the Nestin-cre line, sufficient Emx1 cre -dependent recombination in
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Development 140 (3) the VZ and SVZ was confirmed at E14.5 (tdTom+ cells, red; Fig. 5C ) (Liang et al., 2012) . Every E14.5 Emx1:cKO cortex exhibited significant increase in density, and profound disruption in organization of PH3+ nuclei in the VZ and SVZ (Fig. 5C, arrows) . Thus, Sp2-null progenitors appeared arrested in the M phase, concomitant with an overall decline in density of cycling progenitors during embryonic and postnatal periods.
To conclusively exclude potential cell non-autonomous effects of Sp2 deletion in vivo, we next used mice that allow for mosaic analysis with double markers through targeted 'MADM' insertions into the 3Ј region of chromosome 11 (MADM-11) (Hippenmeyer et al., 2010) . As chromosome 11 also carries the Sp2 gene in mice, progenitors carrying one floxed allele of Sp2 on the homozygous MADM-11 background will undergo cre-mediated mitotic recombination, resulting in generation of cWT (tdTom+), Nestin:cHet (GFP+ tdTom+), and Nestin:cKO (GFP+) cells from clones of NSCs and NPCs that label distinctly with fluorescent reporters (Fig. 5D ). However, cre-mediated mitotic recombination is not ubiquitous and occurs only in a small fraction of NSCs and NPCs, which allows for mosaic and clonal analysis of progenitor functions in a mixed heterozygous and wild-type background. To confirm that cellular genotypes matched the expected reporter combinations, MADM cells were sorted and subjected to PCR genotyping, which indicated that Sp2 genotypes (i.e. wild type, heterozygous or homozygous) were concordant with the expression of MADM reporters (supplementary material Fig. S3 ). Subsequent in vivo analyses of Nestin-cre:Sp2 F/+ :MADM-11 progenitors substantiated our findings that the percentages of PH3+ nuclei in Nestin:cKO and Nestin:cHet populations (green and yellow cells, respectively in Fig. 5D ) were significantly higher than in the cWT progenitor pool (red cells in Fig. 5D ). Thus, the elevated density of PH3+ (presumptive M phase) cells in the absence of Sp2 expression, despite the severe depletion of other proliferation indices, strongly favored a possible defect in cell cycle progression.
Sp2 is required for progression through distinct stages of the cell cycle in NSCs and NPCs
To determine whether cycling progenitor cells were arrested in, or progressed more slowly through, G2/M, a series of in vivo BrdU 557 RESEARCH ARTICLE Sp2 regulates the cell cycle pulse-chase and in vitro flow cytometric experiments were conducted on postnatal NSCs and NPCs ( Fig. 6A-D ; also see supplementary material Fig. S4 for results from P0 brains). To assess the acute effects of Sp2 deletion on the S-to-M transition, a single pulse of BrdU at P0 and P21 was followed by a 1-hour survival time. BrdU labeling was then combined with PH3 immunohistochemistry to detect cells that had undergone S-to-G2/M transition during the 1-hour chase period in both P0 and P21 brains ( Fig. 6A; supplementary material Fig. S4 ). The percentage of BrdU+ cells co-labeled with PH3+ was significantly higher in Nestin:cKO mice at P0 and P21 (Fig. 6A ,B, arrows; supplementary material Fig. S4 ). Thus, BrdU-incorporated nuclei appeared to rapidly transition into M, suggesting that the length of S-to-G2/M transition was shortened in the absence of Sp2.
Next, to determine whether the transition defect in Sp2-null NSCs and NPCs was due to changes in S-phase duration or to faulty G2/M progression, the length of S-phase was determined by a single pulse of IdU followed by a pulse of BrdU 3 hours later (see supplementary material Fig. S5 ). Double labeling for BrdU and IdU and estimation of S-phase length failed to distinguish Nestin:cWT and Nestin:cKO NSCs and NPCs (supplementary material Fig. S5 ). This finding suggested that the duration of S phase was independent of Sp2 expression, and that the length of the G2-M transition was shortened.
To gain more insight into the fate of Sp2-null cycling cells that transitioned into M rapidly, we extended the survival time to 4 hours which still yielded a higher percentage of BrdU+ PH3+ NSCs and NPCs in Nestin:cKO brains ( Fig. 6A,B ; supplementary material Fig.  S4 ). In addition, a significant fraction of PH3+ cells in the Nestin:cKO SEZ and RMS remained BrdU negative ( Fig. 6A , arrowheads; supplementary material Fig. S4 ), suggesting that Sp2-null progenitors may be arrested in G2/M at the time of BrdU administration, and remained PH3+ throughout the 4-hour chase period. To test this possibility further, we allowed longer survival after BrdU administration (12 hours) to quantify loss of PH3 immunoreactivity in BrdU+ cells. Again, the percentage of BrdU+PH3+ cells was significantly higher in the Nestin:cKO SEZ and RMS (2.7±0.3 fold higher at P0, supplementary material Fig. S4 ; 3.6±1.0 fold higher at P21, Fig. 6A,B) . Finally, to assess the proportion of progenitors within distinct stages of the cell cycle, SEZ and RMS cells were isolated from P0 and P21 animals, labeled with propidium iodide and subjected to flow cytometry. Normalization of flow data indicated significantly higher proportions of Nestin:cKO cells in G2/M compared with wild type at both P0 and P21 ( Fig. 6C,D; supplementary material Fig. S4 ). These findings confirmed that NCSs and NPCs in Nestin:cKO brains were at least partially arrested in G2 and M phases of the cell cycle.
The defect in G2/M transition in Sp2-null brains prompted us to determine whether Nestin:cKO cells were capable of exiting the cell cycle at a similar rate to wild-type progenitors. To quantify cell cycle exiting, three pulses of BrdU were administered every 2 hours to P0 and P21 Nestin:cKO and cWT mice, followed by a 48-hour survival period ( Fig. 6A,B; supplementary material Fig. S4 ). In this regimen, BrdU immunoreactivity was combined with Ki67 staining in order to distinguish progenitors that had remained in, or re-entered, the cell cycle after 48 hours (BrdU+/Ki67+), from cells that had exited the cell cycle (BrdU+/Ki67-negative). A significantly higher proportion of BrdU+ Nestin:cKO progenitors were Ki67+ compared with cWT progenitors, indicating a decline in cycle exiting (Fig. 6A,B) . Thus, the extensive cell cycle analyses indicated that Sp2-null NSCs and NPCs were defective in G2-M transition, whereas S phase duration was relatively intact resulting in a partial arrest in M. Interestingly, we also identified a significant reduction in the proportion of cells in G1/G0 (Fig. 6D) , which may contribute towards a significant, yet moderate, increase in total cell cycle length in the cKO NSCs and NPCs in the postnatal brain (supplementary material Fig. S5 ).
Loss of Sp2 favors arrest of NSCs and NPCs in a Pax6 fate and severe disruption of neuronal and glial differentiation
We next sought to identify the impact of Sp2 deletion on the fate of NSC and NPC divisions. Differential timing of cre-mediated recombination in the Emx1 cre and Nestin-cre lines (Liang et al.,
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2012) was used to investigate effects on proliferative to neurogenic shifts during embryonic cortical development and on postnatal neurogenesis in the SEZ and RMS (Fig. 7A) . To accomplish this, E12.5 Emx1:cKO and P21 Nestin:cKO brain sections were immunohistochemically labeled for various stage-specific progenitor markers and compared with cWT controls. Nearly the entire thickness of the E12.5 Emx1:cKO cerebral cortex was occupied by Pax6+ cells, whereas cWT Pax6+ NSCs are confined to the VZ ( Fig. 7B; supplementary material Fig.  S6 ). Moreover, TuJ1+ postmitotic neurons were significantly reduced (Fig. 7B, arrows) , resulting in a severe reduction in the size of the preplate (PPL; Fig. 7C ). By E14.5, Tbr2+ NPCs were significantly less dense in the Emx1:cKO SVZ ( Fig. 7B ; supplementary material Fig. S6 ), resulting in significant disruption in apico-basal organization of the cortex (Fig. 7C) . Additionally, the percentage of PH3+/Pax6+ NSCs was significantly elevated at E12.5, whereas the percentage of PH3+ cells double labeled with Tbr2 was significantly reduced in the mutant basal VZ and SVZ at E14.5 (Fig. 7D) ; these defects could not be attributed to elevated apoptosis (supplementary material Fig. S7 ). Thus, it appeared that Pax6+ NSCs had expanded in the Sp2-null cerebral cortex at the expense of Tbr2+ NPCs and Tuj1+ neurons, suggesting defects in fate specification and differentiation in the early embryonic cortex.
To further examine the impact of Sp2 deletion on neuronal differentiation, laminar organization in the P0 Emx1:cKO cortex was assessed using Cux1 and Ctip2 immunostaining (Fig. 7E) . In a mating scheme to generate Emx1:cKO P0 pups in 25% of pups in each litter, only 16% were obtained at birth (n=19; three independent litters), suggesting Emx1-mediated deletion of Sp2 was partially selected against in utero. In the few survivors, the thickness of the cortex was compromised (Fig. 7F ): Cux1+ cells were largely absent in the upper cortical layers and distribution of Ctip2+ cells failed to specify layer V in the way that they did in cWT cortices (Fig. 7E,F) . Additionally, ectopic and densely packed clusters of Ctip2+ cells were detected in the P0 cortex, suggesting disruption of their differentiation or migration (Fig. 7E, arrows) .
To determine whether perinatal deletion of Sp2 would similarly impact lineal relationships between postnatal NSCs and NPCs, we used Pax6, Dlx2 and Gsx2 staining in the Nestin:cKO SEZ and RMS. Remarkably, Sp2 deletion resulted in accumulation of Pax6+ cells concomitant with disruption of Gsx2+ or Dlx2+ progenitors and Dcx2+ neuroblasts in the mutant SEZ and RMS (Fig. 7G) . In contrast to the embryonic period, a clear increase in the number of apoptotic cells was noted in the Nestin:cKO SEZ/RMS 'bulge' area at P21 (supplementary material Fig. S7 ). As apoptotic cells emerged only during postnatal stages, they most likely represent secondary defects rather than a direct consequence of Sp2 deletion.
Finally, to assess the impact of Sp2 on the differentiation potential of postnatal NSCs and NPCs, P21 Nestin:cKO SEZ and RMS cells were cultured to generate neurospheres followed by plating for differentiation (Fig. 7H) . Although cWT neurospheres generated astrocytes (GFAP+), oligodendrocytes (NG2+) and neurons (Tuj1+), cKO neurospheres were largely astrocytogenic, and their ability to differentiate into oligodendrocytes or neurons was significantly impaired (Fig. 7H) . Thus, these results suggest that Sp2-dependent regulation of the cell cycle is required to drive the progeny of cycling NSCs and NPCs towards their programmed neuronal and glial fates during corticogenesis and postnatal neurogenesis. Disruption of Sp2-dependent cell cycle progression appears to favor the maintenance of an early NSC type in the developing and postnatal stem cell niches.
DISCUSSION
Sp2 is a novel regulator of cell cycle progression
The present study uncovered a novel role for the transcription factor Sp2 in cell cycle homeostasis within developing NSCs and NPCs. A combination of approaches in this study led to identification of M-phase arrest, rapid G2/M transition and shorter G1, whereas the S phase appears intact in Sp2-null NSCs and NPCs. This function of Sp2 is not confined to a specific developmental stage, but equally impacts embryonic and postnatal NSCs and NPCs. M-phase arrest in embryonic and postnatal Sp2-559 RESEARCH ARTICLE Sp2 regulates the cell cycle null NSCs and NPCs is concomitant with overall decline in the number of cycling cells, which is consistent with the notion that proper progression through mitosis is required for maintenance of neural progenitor pools during brain development (Feng and Walsh, 2004; Silver et al., 2008; Lizarraga et al., 2010; Gruber et al., 2011; Sakai et al., 2012; Lian et al., 2012) . However, unlike the mitotic arrest due to deletion of Tcof1/Treakle (a centrosomal protein), which results in reduction of both apical and basal cortical progenitors (Sakai et al., 2012) , our findings show that Sp2-dependent mitotic arrest may preferentially expand apical NSCs at the expense of basal NPCs. As several M-phase regulators such as Aurora-A and Polo kinase can exert dual roles in cell cycle progression and fate determination (reviewed by Budirahardja and Gönczy, 2009) , it is conceivable that potential crosstalk between Sp2 functions and various cell cycle-active kinases may couple M progression with fate specification in NSCs and NPCs. Such coupling may differentially impact symmetric and asymmetric cell divisions in apical and basal progenitors of the cerebral cortex.
In addition to M-phase arrest in NSCs and NPCs, transition through G2 is accelerated in the absence of Sp2. In this context, the mitotic entry network involves upregulation of the cyclin B1-Cdk1 complex and its activation through post-transcriptional modifications (Fung and Poon, 2005; White et al., 2009; Lindqvist et al., 2009; Bollen et al., 2009) . Notably, many kinases and phosphatases that form the mitotic entry network are also required for progression through M (Pomerening et al., 2008; Lindqvist et al., 2009; Bollen et al., 2009) , for example by coupling timely G2-M transition to centrosome maturation for appropriate mitotic spindle orientation in neural progenitors (Gruber et al., 2011) . At this juncture, it remains unclear how Sp2-dependent mechanisms regulate G2-M transition in parallel with M-phase progression.
Our long-term BrdU-tracing experiments revealed a lower rate of cell cycle exiting in Sp2 mutant progenitors, which can be explained by arrest in M or by cell cycle re-entry instead of cell cycle exit. However, Sp2-null progenitors exhibit only a moderate increase in total cell cycle length, which may, at least in part, be due to a simultaneous decline in G1 duration (indicated by flow data) combined with a prolonged M. Thus, it appears that Sp2-null progenitors have shortened gap phases, a prolonged M phase and probably re-enter the cell cycle constitutively, which is likely to be the cause of the rapid decline in total NSCs and NPCs due to precocious senescence and absence of mechanisms for quiescence. In this situation, an intriguing parallel may be drawn regarding the lack of, or very brief, G1 and G2 in early embryonic stem cells (Burdon et al., 2002; Stead et al., 2002) . As development proceeds, the two gap phases emerge and progressively lengthen (especially G1) with a concomitant decline in the rate of stem cell divisions (He et al., 2009) . By the time the neuroepithelium is specified, the two gap phases are established in early NSCs; however, the length of G1 is significantly shorter in cerebral cortical progenitors at early (E11.5 in the mouse) versus late (E16.5 in the mouse) stages of development (Takahashi et al., 1996) . Gap phase alterations are crucial for prolonged maintenance of NSCs and NPCs, as well as influencing the fate of their neuronal and glial progenies (Smith and Luskin, 1998; Cameron and McKay, 2001; Hayes and Nowakowski, 2002; Burns and Kuan, 2005; Lu et al., 2007) . The perturbed duration of gap phases in Sp2-null NSCs and NPCs at least partially resembles early stem cells, which suggests that Sp2-dependent mechanisms may be important regulators of cell cycle maturation in stem cells and progenitors during embryonic and postnatal development.
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Sp2 deletion impacts the fate of NSC and NPC progenies Numerous studies have illustrated changes in cell cycle compartments that impact neurogenesis and the differentiation potential of NSCs and NPCs. For example, the total length of the cell cycle and the duration of G1 clearly impact neurogenic NPCs compared with early proliferative NSCs (Calegari et al., 2005; Salomoni and Calegari, 2010) . Furthermore, lengthening of G1 is highly correlated with the transition from apical NSCs to basal NPCs in the developing cortex (Arai et al., 2011) . Similarly, lengthening the cell cycle promotes expansion of the NPC pool and enhances neuronal production in human neural progenitors (García-García et al., 2012) . Moreover, as G2 lengthens during embryonic development it slows the rate of S-G2-M transition in basal NPCs, but not in apical NSCs (Calegari et al., 2005) . Thus, the normal maintenance of a stem cell niche entails preservation of some progenitors with characteristics of developmentally early NSCs, as is also evident in the presence of slow-dividing NSCs in the adult mouse SEZ (Doetsch et al., 1999a; Doetsch et al., 1999b) .
Disruption of the cell cycle in the absence of Sp2 severely impacts fate specification in NSCs and NPCs, where a significant expansion of Pax6+ NSCs is in conjunction with depletion of Tbr2+ NPCs, and correlates with near absence of postmitotic neurons in the cortical plate, a lineage that is well established (Englund et al., 2005; Sessa et al., 2008) . A conceptually similar phenotype was apparent in the SEZ/RMS of Nestin-cre-deleted Sp2 brains where presumptive Pax6+ NSCs were expanded, whereas the Gsx2+ and Dlx2+ NSCs and NPCs were relatively unaffected in the mutant SEZ. This observation is in sync with a past report that Pax6 deletion leads to ectopic upregulation of Dlx2 in the dorsal telencephalon (Toresson et al., 2000) . However, these findings must be interpreted cautiously as the lineal relationships among Pax6-, Gsx2-and Dlx2-expressing populations in the postnatal SEZ and RMS are complex, partially overlapping and likely to be nonlinear (Brill et al., 2008) . Whether the misregulated timing of NPC expansion as well as neuronal production directly contribute to the defects in the cortical progenitor organization still remains to be determined. In addition, Sp2-dependent cell cycle regulation appears to be required for differentiation of both postnatal neuronal and oligodendroglial lineages by functioning as a key regulator of the switch from proliferation to differentiation in NSCs and NPCs. How the timing of cell cycle progression regulates programmed fate decisions during neurogenesis and gliogenesis remains largely unknown.
Implications and conclusions
In summary, our study reveals for the first time that Sp2-dependent regulation of transitions through distinct cell cycle phases is crucial for developmental maturation of early embryonic NSCs into neurogenic and gliogenic NPCs in the cortex and the postnatal stem cell niche. How Sp2 carries out these important functions is the subject of future studies. The molecular mechanisms underlying the role of Sp2 as a putative transcription factor have remained largely enigmatic; while a recent study implicates Sp2 as a global transcriptional regulator (Terrados et al., 2012) , a number of past studies failed to identify strong DNA-binding or transcriptional activity by Sp2, suggesting these functions of Sp2 may be negatively regulated in mammalian cells (e.g. Moorefield et al., 2004) . At this juncture, it is tempting to speculate that loss of Sp2 may severely impact symmetric and asymmetric decisions in NSCs and NPCs through misregulation of cell cycle progression and in particular G2/M progression. An important future direction of the current work is to determine whether or not Sp2 directly participates in symmetric and asymmetric division of NSCs and NPCs in the developing and postnatal brains as a putative transcription factor or through alternative cell biological roles. Conditional deletion of Sp2 will provide a suitable model for studying the link between cell cycle regulation and fate specification in NSCs and NPCs in these future studies.
